We present a numerical method for computation of electrostatic (trapping) and time-varying (excitation) electric fields and the resulting ion trajectory and detected time-domain-induced voltage signal in a rectangular (or cubic) ion cyclotron resonance (ICR) ion trap. The electric potential is calculated by use of the superposition principle and relaxation method with a large number of grid points (e.g., 100 x 100 x 100 for a cubic trap). Complex ICR experiments and spectra may now be simulated with high accuracy. Ion trajectories may be obtained for any combination of trapping and excitation modes, including quadrupolar or cubic trapping in static or dynamic mode; and dipolar, quadrupolar, or parametric excitation with single-frequency, frequency-sweep (chirp), or stored waveform inverse Fourier transform waveforms. The resulting ion trajectory may be represented either as its threedimensional spatial path or as two-dimensional plots of X-, Y> or z-position, velocity, or kinetic energy versus time in the absence or presence of excitation. Induced current is calculated by use of the reciprocity principle, and simulated ICR mass spectra are generated by Fourier transform of the corresponding time-domain voltage signal, (J Am Soc Mass Specirom 1994, 5, 238-249) 
We present a numerical method for computation of electrostatic (trapping) and time-varying (excitation) electric fields and the resulting ion trajectory and detected time-domain-induced voltage signal in a rectangular (or cubic) ion cyclotron resonance (ICR) ion trap. The electric potential is calculated by use of the superposition principle and relaxation method with a large number of grid points (e.g., 100 x 100 x 100 for a cubic trap). Complex ICR experiments and spectra may now be simulated with high accuracy. Ion trajectories may be obtained for any combination of trapping and excitation modes, including quadrupolar or cubic trapping in static or dynamic mode; and dipolar, quadrupolar, or parametric excitation with single-frequency, frequency-sweep (chirp), or stored waveform inverse Fourier transform waveforms. The resulting ion trajectory may be represented either as its threedimensional spatial path or as two-dimensional plots of X-, Y> or z-position, velocity, or kinetic energy versus time in the absence or presence of excitation. Induced current is calculated by use of the reciprocity principle, and simulated ICR mass spectra are generated by Fourier transform of the corresponding time-domain voltage signal, (J Am Soc Mass Specirom 1994, 5, 238-249) F ourier transform ion cyclotron resonance mass spectrometry (FTjICR/MS) has become one of the most promising methods for mass analysis since its introduction more than 19 years ago [1] . Begiuning as a technique for the study of gas-phase ion-molecule reactions, FT/ICR/MS has emerged as a powerful analytical tool capable of ultrahigh mass resolving power, multistage tandem mass spectrometry (MSjMS), wide mass range, simultaneous detection of all ions, and long ion storage periods . Full realization of these capabilities requires deep understanding of various means and mechanisms for trapping, excitation, and detection of ions in FT/ICR traps.
Ion motions in a quadrupolar electrostatic trapping potential. An FT/ICR/MS experiment is carried out in an ICR ion trap, which has three functions: (1) to confine ions for collisions, chemical reactions, photo-induced processes, etc.; (2) excitation and/or ejection of massselected trapped ions; and (3) detection of massselected trapped ions. Ions generated in or injected into an ICR ion trap are usually held there by the combination of a strong static magnetic field and an electrostatic trapping potential. Generation of a static electric potential mirumum (at the center of the trap) as a function of the "axial" dimension (i.e., along the magnetic field direction) must result in an electric potential maximum (at the center of the trap) as a function of the other (lateral or radial) dimension. The simplest trapping potential is quadrupolar, that is, it varies quadratically along either the axial or radial direction (see Theory). A near-perfect quadrupolar trapping potential may be generated by a trap consisting of a ring and two endcap electrodes with hyperbolic shapes. Such "Penning" traps are widely used by the physics community for studies of single trapped ions [24~30] . In a Penning trap, the quadrupolar electrostatic potential varies quadratically along the axial (z-) direction, with a potential minimum located at the center of the trap. In any (xy-) plane perpendicular to the magnetic field, the trapping potential is always maximal along a line between the centers of the two endcaps. Although ion motion in the xy-plane is thus not stable, ions remain trapped on an equipotential contour if no energy loss mechanism (e.g., ion-neutral collisions) is available. In an infinitely extended perfectly shaped empty hyperbolic trap, the trapping potential is parabolic and the equipotential contours of the electrostatic trapping potential in a given xy-plane are perfectly circular (see Results and Discussion). The equations describing ion motions in the absence of any excitation electric field in such a Penning trap may be solved analytically [24] . Ion axial and radial motions are independent: ions oscillate harmonically along the magnetic field (axial) direction and rotate at magetron and/or cyclotron frequencies about a guiding line parallel to the magnetic field direction. The ion cyclotron frequency is independent of ion position in a purely quadrupolar trapping potential. Two-dimensional ion motion in a spatially uniform electric excitation field and in the absence of an electrostatic trapping potential has been analyzed [31] for frequencysweep [32, 33) and stored waveform inverse Fourier transform (SWIFT) [34] excitation. onquadrupolar traps. For ICR experiments involving ions of more than one mass-to-eharge ratio, the hyperbolic trap has several disadvantages. First, trap construction is difficult. Second, the necessary truncation of the trap to finite size and the placement of holes in the endeaps to provide for introduction of ionizing bea~.(s) warps the electrostatic potential, leading to various (generally undesirable) nonlinearities (see below). Such distortions are less serious in single-ion experiments, which are generally conducted at much smaller ion cyclotron radius than FT/ICR experiments based on image-charge detection [35, 36] . Third, the hyperbolic electrodes protrude into the trap, limiting the number .of ions which may be trapped at a given charge density, Fourth, although the hyperbolic electrodes are optimal for ion trapping, they are quite nonoptimal for excitation and detection, for which a spatially uniform (rather than quadrupolar) electric field is needed. Attempts to produce dipolar excitation and detection with a segmented Penning-type trap result in increased multiple-harmonic frequency signals [37] and z-ejection [38] . The same problem (al.though less serious) is true of a segmented cylindrical trap [39, 40] . Although more complex designs with better trapping and radiofrequency (RF) performance are available [41] [42] [43] [44] , the widely used cubic trap [45] offers a good compromise for approximately qU~drupolar trapping potential and approximately uniform azimuthal dipolar excitation.
Fo~an actual ICR~on trap, a solution of Laplace's equation for the electrical potential in an empty rectangular [46, 47] or cylindrical trap (48] may be obtained from an infinite series expansion of the potential about the center of the trap. For ions near the center of the trap, the trapping potential may be approximated as a quadrupolar potential. Thus, in the absence of an (time-varying) excitatory electric field, ion trajectories near the center of the trap may be analyzed into the three independent cyclotron, magnetron, and axial trapping oscillation motions noted above.
way from the center of the trap the potential deviates from the quadrupolar approximation, and higher-order potential terms must be included. In a nonquadrupolar electrostatic trapping potential field, the cyclotron, magnetron, and axial frequencies all depend on ion spatial position. For example, Dunbar et al. (49] have demonstrated theoretically that magnetron frequency decreases as ions move outward from the center of the trap.
Time-varying electric excitatian potential in an ICR ion trap. To a first approximation, second or higher-order terms in the excitation electric potential may be neglected (i.e., the excitation electric field is taken as spatially uniform-linearized and RF-shimmed [42, 50] traps approximate this condition) and the trapping potential may be assumed to be quadrupolar. At this level of approximation, ion motion obeys a linear differential equation which may be solved analytically [24, 33, 51, 52] . Response of ion motions to more complicated excitation waveforms may be understood by means of linear response theory, which relates, for example, the postexcitation ion cyclotron orbital radius to the Fourier components at the ICR frequency of the excitation field [53, 54] .
Experimentally, nonlinear behavior of ions during excitation is observed in either a cubic or cylindrical trap, for example, variation in detected relative ion ab~dances at different rates of frequency-sweep excitation (42, (55) (56) (57) (58) (59) (60) . Ion ejection by dipolar azimuthal (radial) excitation to a cyclotron radius equal to the radius .of the trap also becomes nonlinear in a spatially nonuniform electric excitation field. In an attempt to describe such nonlinear behavior, equations with terms up to fourth order it) the excitation potential have been solved, and mechanisms of coupling between the radial motion and z-oscillation have been proposed [40, 61) . In a related approach, Mitchell [62] has developed a me~od in~hich, for example, nonquadrupolar elec-trosta~c trapping potential terms are treated as a perturbation of the quadrupolar potential in the spirit of quantum mechanical perturbation theory. A problem common to such analytical treatments is that both the electrostatic trapping potential and the electric excitation potential are approximated by truneating the power series spatial expansion of either potential to a small number of terms; the effect of the truncation is thus not known.
Alternatively, a numerical method based on an infinite series expansion of the potential has been used to solve the equations of motion for excitation at twice the axial oscillation frequency, 2Ct1 z [59] . However, that treatment employed a spatial grid of only 10 X 10 X 10 points,~hich did n~t provide sufficient accuracy for comparison to experimental observations. Present approach. In this article, we present and develop a numerical method to compute the electrostatic trapping. potential in an orthorhombic ICR ion trap, from which we may solve for an ion trajectory in the absence or presence of time-varying electric excitation potential (also evaluated numerically). From the ion trajectory we then compute the induced differential charge (whose time-dependence gives a differential (3) current which may be converted into a voltage signal, whose Fourier transform yields the FT/ICR spectrum) between a pair of opposed detection electrodes. Because of the symmetry of a cubic trap, it is convenient to calculate an "eigen" potential and construct an arbitrary potential at any given time from the eigenpotential by use of the superposition principle (see Theory). The eigenpotential is constructed by a numerical relaxation method for a three-dimensional 100 x 100 x 100 grid. Spatial resolution is further enhanced by interpolation. Ion trajectories may then be simulated for a variety of ion initial positions and motional amplitudes for various excitation modes. Effects of relativistic shift [63] and magnetic field inhomogeneity are not included in this article. The method developed in this article provides an accurate and general description of ion trajectories and response to excitation and ejection in an actual cubic ICR ion trap.
Theory
Static and time-varying electric potentials in a cubic fCR ion trap. The detected ICR signal may be evaluated directly from the ion trajectory, which is in tum calculated from the instantaneous force acting on that ion. The electric component of the Lorentz force (see below) is in tum proportional to the electric field at that point in space, and the electric field is obtained as the gradient of the electric potential. Thus, any attempt to determine the ICR signal response to a given combination of static and time-varying forces must begin from knowledge of the electric potential at any interior location in the ICR ion trap (e.g., a cubic trap). At any instant, i, the electric potential, cI>( x, y, Z, I), at each boundary of a cubic ion trap of edge length, a, may be expressed as
x = -a/2, -a/2 s y s a/2, -a/2 s: z s a/2
z = -a/2, -a/2 :::; x S a12, -a/2 :::; y s: al2
The net potential acting on an ion inside an ICR ion trap is the sum of the potential due to voltagets) applied to the six boundary electrodes and the spacecharge potential from other ions inside the trap (i.e., the electric potential generated by the ions themselves).
J Am So< Mass Spectrom 1994, 5, 238-249 In typical experiments the effect of space charge of other ions is relatively small compared to that from the potential applied to the trap. Therefore, space-charge effects are neglected in the present treatment. The potential inside the trap at time, t, due to voltages applied to the boundary electrodes may be obtained by solving Laplace's equation subject to the boundary conditions of eq 1
It is in general not practical to solve eq 2 at each instant during a given excitation or observation event. However, because the Laplace equation is a linear differential equation, we may solve it for a particular boundary condition, and then Simply rescale the result for any other boundary condition. Specifically, suppose we apply 1 V only to the electrode defined by
Based on the symmetry of a cubic trap, we may express the potential for the whole trap as a superposition of the potentials obtained by applying 1 V to each plate [e.g.. ctJo(x, y, z I], each multiplied by the actual voltage applied to that plate: Table 1 lists boundary conditions (l.e., choices of V x ; ' V x _ ' etc.) corresponding to various possible static and dynamic trapping modes as well as various excitation modes for most ICR experiments. For example, the total potential, <p( x, y, z, r), during a radial dipolar excitation process in which a static voltage, V T , is applied to each trapping electrode and a time-varying voltage, V/t), is applied differentially between the x-electrodes (e.g., V x + = V ex cit e sin oi , t; V x _ = -V exc ite sinw+t for excitation of cyclotron motion) may be written as 
Vxcosw+1
-Vxcosw+1 
is static and spatially homogeneous, and its direction may be used to define the (negative) z-direction: Bz(r, t)k = -Bok;
The electric field, E(r, 0, is the superposition (i.e., vector sum) of the trapping and excitation fields (see eqs 1) and is obtained as the (negative) gradient of the electric potential, eIl(r, r)
The boundary problem of eq 3 may be further simplified by use of the following symmetry-based relations.
Therefore, only the potential within the region, -a12 s x S a12, 0 s y s a12, and 0 S 2 S al2 need be considered; the potential in any of the three other quadrants may then be obtained from eq 6. Once the total potential, eIl(x, y, 2,0), has been calculated for a given ion trap geometry, the data may be stored and simply rescaled to obtain the total potential at any given subsequent time.
Ion trajectory. The motion of a single ion of mass, m, and charge, q, located at r = xi + yj + zk, with velocity, v = xi + yj + zk, in a magnetic field, B, and electric field, E, is described by the modified Lorentz vector equation tsn Force = mi = q(E(r, t) + i: X Bfr, t))mv]: (7) or a Ex(r, t) = -eIl(r, t) ax a EyCr, t) = .~eIl(r, t) ay
which may be expanded in terms of its X-, y-, and z-components
in which collisions are represented by a frictional damping force proportional to ion velocity; the frictional coefficient, 1', represents the reduced collision frequency (l.e., product of the collision frequency and the reduced mass) for momentum transfer [64] . In Once the time-varying excitation voltages are specified, the electric field may be calculated from eq 4 and the equations of ion motion (eq 7 or eq 8) may be solved for a given choice of ion initial position, ret = 0), and velocity, Ht = 0).
Current induced on detector electrodeis}. The current (i) induced on each electrode by the ion can be obtained from the reciprocity principle, namely that "the charge induced on an electrode by a unit point charge is equal in magnitude to the potential that would be produced at that same ion position, in the absence of the ion, when a unit potential is applied to the conductive J Am Soc Mass Spectrom 1994, 5, 23B-249 in which Qinduced is the total charge induced on a given electrode by an ion of charge, u, located at position r; and VCr) is the potential at r when the voltage, V o , is applied to the same electrode in the absence of any ions. Thus, the current, i(t), induced on that electrode by a moving ion whose instantaneous position and velocity are r and t is obtained from the time-derivative of Qinduced: (15) as well as the cables [35, 36] . Based on this model, the voltage, Vet), before the preamplifier is then calculated from the following differential equation (14) dV(t) Vet)
Finally, the frequency-domain ICR spectrum is obtained by taking the (discrete equivalent of the) Fourier transform of the time-domain voltage signal. (11) Qinduced VCr) electrode" [65] [66] [67] in which q is the charge of the ion and E(r, t)/V o is the electric field at location, r, per unit voltage applied to the detecting electrode. The experimentally detected current at time, i, is the sum of the induced currents on both detection electrodes at y = ± a/2 (12) Here we display the "magnitude" or "absolute-value" frequency-domain spectrum, IF(w)!. Note that the signal components at harmonic frequencies (e.g., 3<il+) are less prominent in the limit of predominantly capacitive detection because in that limit the detected current signal is converted to a voltage signal by dividing by frequency (i.e., the relative magnitude of the signal at third harmonic frequency is one third as large for predominantly capacitive detection as for predominantly resistive detection) [35] .
The detection equivalent circuit is generally used to model the detected voltage signal before the preamplifier, in which R represents the equivalent resistance of the circuit, and C represents the equivalent capacitance from the pair of opposed parallel receiver plates computational methods. A general boundary condition may always be reduced to superposition of appropriate coordinate transformations on an eigenpotential (e.g., <1>0 in eq 5). It is possible to obtain an analytical expression of the potential for the cubic boundaryvalue problem of eq 4 by the technique of variable separation and Fourier expansion [68] [ However, we have chosen a second method based on direct solution of the Laplace boundary problem by relaxation methods because (1) that method is not limited to a specific set of boundary conditions and (2) it is much easier to extend the method to arbitrary ion trap geometry. For example, field inhomogeneity (such as that arising from finite spaces between the actual electrodes) may be treated easily with this method.
The excitation time-domain waveform may be specified as Single-frequency excitation 111, frequencysweep (chirp) [32, 331, or SWIFT[34, 69] . The programs were written in Fortran 77, compiled and executed on a CRAY Y-MP8/864 computer with 8 processors and 512 megabytes of high-speed memory at the Ohio Supercomputer Center. We chose the supercomputer for its high speed and precision and for its conveniently large internal memory space. To plot the desired potential, the data were transferred to a SPARCstation (Sun Microsystem Computer Corporation, (16) Mountain View, CA) through the OSU campus network and converted to a Felix data file format (Biosystem Technologies, San Diego, CA). Both contour and stacked plots may be generated within the Felix program. The trajectory data were transferred to a Macintosh IIsi [Apple Computer, Cupertino, CAl computer. They were displayed and printed with BASIC programs written by the authors. Listings of all relevant programs are available on request.
We used an apE software program specifically designed by The Ohio Supercomputer Center, Ohio Visualization Lab, to visualize the three-dimensional ion trajectory, excitation waveforms, and time-domain signal in real-time color video display. First, we convert the calculated data files (trajectory, excitation waveform, signal, etc.) into flux data format; spheres of different color and size represent ions of different position or rnass-to-charge ratio. Second, the distribu-tion of spheres in a separately drawn cutaway ion trap at a particular time is recorded in an image file with resolution of 640 X 484. Finally, all image files are transferred onto a color videotape.
For the potential calculation, an array, 41 o [i, j, k] of 101 X 51 X 51 data words is reserved for the data: o~i~100 is the index for x-position; 0~j~50 and o~k s 50 are the indices for y-and z-positions, Note that only one fourth of the eigenpotential data (101 X 51 X 51) need be generated, with corresponding reduction in computation time and storage space. The simplest relaxation method for computing the potential is in which:
potential at (x + !:J./2, y, z) was calculated as follows: 
The initial potential is 1 V for grid points on the plate, x = al2, and 0 V for the rest of the grid points.
Iteration stops when the maximum difference between the nth and (n -Dth iteration for each point is less than a predetermined value. Typically, 10,000 iterations (-6300 s processing time) were required to obtain potential values which differed by a maximum of~10-8 from the two consecutively preceding iterations. Although this potential computation is timeconsuming, it need be performed only once for a given trap geometry; the potential resulting from imposition of other voltages on each of the trap electrodes may then be obtained simply by rescaling the eigenpotential values. During the trajectory simulation, the electric potential in the trap was computed at successive time increments from the eigenpotential for the cubic trap with appropriate boundary conditions [i.e., choice of what voltage was applied to which electrodefsj], The electric field at a given ion position was computed as follows. First, move half of one grid spacing, !:J./2, away from the ion in the +x, -x, +y, -y, +z, 'and -z directions, that is, (x + /i/2, y, z), (x -/i/2, y, z), (x, y + !:J./2, z), (x, Y -!:J./2, z), (x, y, z + d/2), and (x, y, z -A/2). The potential at each of those six locations is then obtained by linear interpolation from the potential values (labeled as PI to P8 in Figure 1 ) at the eight points at the corners of the grid cube within which the desired location is found. For example, the in which~is the distance between two adjacent grid points.
Finally, the Lorentz equations of ion motion (eq 8) were solved by the standard fourth-order Runge-Kutta numerical integration.
Results and Discussion
Electrostatic trapping potential in a cubic ICR ion trap. The most primitive approximation to the electrostatic field inside an ICR ion trap is no electrostatic field at all, because the Lorentz force resulting from the strong static magnetic field is usually at least an order of magnitude stronger than that due to the electrostatic trapping potential. This approximation is nearly realized in the screened trap [41] , in which ions encounter a strong repulsive "trapping" force only as they almost reach the trapping electrodes. In the screened trap, the electrostatic trapping potential along the axial dimension is essentially a one-dimensional box and the potential in a plane perpendicular to the magnetic field is nearly zero.
Most of the present understanding of ion trapping in, for example, a cubic ICR ion trap is based on low order truncation of a Taylor expansion of the potential about the center of the trap. Near the center of the trap, the trapping potential may be well-approximated as quadrupolar:
in which VT is the trapping voltage applied to each of the two trapping electrodes (at z = ± a/2) and the geometry parameters are 'Y = 1/3 and 0: = 2.77373 for a cubic trap [47, 70] . At this level of approximation, ion motions may be analyzed into three independent periodic modes, namely cyclotron, magnetron, and axial motions, each of whose frequency is independent of ion position in the trap [24] . The cyclotron frequency varies approximately as 1/(m/z), the trapping frequency as 11 vmlz, and the magnetron frequency (except near the critical mass [13] ) is nearly independent of mass-to-charge ratio.
In an actual cubic trap, the trapping potential deviates from the quadrupolar approximation, and the cyclotron, magnetron, and axial frequencies vary with ion position in the trap. Figure 2 shows the electrostatic potential as a function of (axial) z-position along a line (x = 0, y = 0) between the centers of the two endcap (or trapping) electrodes, as well as along two off-axis lines (x = 0.2Sa, y = 0 and x = 0.45a, y = 0).
It is clear that the quadrupolar approximation to the actual cubic trap potential is quite good for ion positions near the z-axis and/or near the trap center (x = y = z = 0). However, the true cubic trap potential deviates increasingly from the quadrupolar approximation as one moves away from the trap center, particularly for radially outward displacement from the trap z-axis.
Deviation of the cubic trap potential from the quadrupolar potential is also evident from the equipotential contours shown in Figure 3 , taken at the trap midplane (z = 0), and at planes midway (z = ±0.25a) or nearly as far as (z = ± O.4Sa) the trapping electrode.
Note that the contours near the z-axis (x = y = 0) approach the perfect circles matching the quadrupolar approximation, whereas off-axis and (especially) z * 0 contours are increasingly distorted into rounded square curves.
Ion trajectory in the absence of time-varying electric field excitation. Figure 4 shows various representations of the trajectory of an unirradiatsd ion of m/z 5000. (We chose mlz 5000 so that the ratio of cyclotron frequency to magnetron frequency would be small enough that magnetron, trapping, and cyclotron motions could be observed on a single time scale.) To illustrate the deviation of the real trap from the quadrupolar potential, we chose an initial ion position displaced from the trap center in both x-and z-directions: (x, y, z) = (O.4a, 0, O.25a) were taken. As in a quadrupolar electrostatic trapping potential, ions in the cubic trap execute three basic motions: a fast radial circular ion cyclotron motion (the small loops in Figure 4 , bottom left, and small Because most of the energy of magnetron motion is manifested as potential (rather than kinetic) energy, it is not surprising to find that magnetron motion is severely distorted by deviation of trapping potential from quadrupolar form. By comparing the projection of ion motion onto the xy-plane (Figure 4 , bottom left) to Figure 3 (middle) , it is seen that the magnetron motion follows the equipotential curve of the electrostatic potential of the cubic trap. The magnetron trajectory is thus approximately circular for an ion near the z-axis and distorts to a rounded square for an ion far from the z-axis, Less obviously, the time-variation of ion x-and y-position (Figure 4 , top right) shows that the ion moves faster when moving in a direction parallel to the nearest electrode and slower as the ion rounds the comers of the magnetron orbit. Thus, the differential current signal induced between two detection plates at y = ±a/2 (Figure 4, bottom right) is not simply a sum of sinusoids (see below). Figure 5 shows how the radial component of electric field (Figure 5 , left) and the corresponding magnetron frequency (Figure 5 , right) vary with radial displacement from the trap z-axis. The average radial component of the electric field, E r , is calculated by averaging over one cycle of average radius, r (at increments of 1"), and the magnetron frequency is obtained from (22) in which B is the magnetic field induction. Figure 5 shows that the frequency of magnetron motion in a cubic trap decreases by around 40% in proceeding from an ion radius of 0.025a (i.e., almost on the z-axis) to 0.475a (i.e., near a side electrode), in good agreement with Dunbar and Chen's [49] prior two-dimensional numerical calculation. Because the magnetron motion and z-oscillation depend strongly on electrostatic field magnitude, the frequencies of both motions vary Significantly with ion position in a cubic trap. Fortunately, in a typical FT/ICR/MS experiment, one excites and detects ion cyclotron motion, and even a large change in magnetron frequency will result in only a small shift in cyclotron frequency at mass-tocharge ratio values well below the critical mass-tocharge ratio at which the cyclotron frequency is equal to the magnetron frequency.
Ian trajectory in the presence of resonant electric field excitation. Figure 6 shows an example of an ion trajectory during Single-frequency on-resonance dipolar excitation (10 V(p_p) amplitude) in a cubic trap [1 V applied to each trapping electrode; m/z 1000, zero Because the ion is initially at rest on the z-axis, there is no magnetron motion, and the three-dimensional trajectory ( Figure 6, top) is the sum of a linear constantamplitude oscillation along the z-direction (because 246 XlANG ET AL. Spectrom 1994, 5, 238-249 the ion is initially displaced from the center of the trap along the z-axis) and a cyclotron motion of increasing cyclotron radius. The ion is ejected (i.e., reaches a cyclotron radius equal to the trap radius) after excitation for 2.72 X 10-4 s.
Projection of the trajectory onto the xy-plane ( Figure  6 , bottom) shows that the ion cyclotron radius increases slightly nonlinearly with time due to spatial inhomogeneity of the RF excitation electric field. Specifically, the excitation field amplitude varies radially at any given axial (z-) position. Moreover, an ion is subjected to a higher excitation field at the center of the trap than at a large z-displacement; thus, because the ion z-oscillation amplitude increases with increasing radius, even the time-average (over one trapping oscillation cycle) electric excitation field amplitude additionally varies with radius due to increased zoscillation amplitude with increasing radius.
In response to spatially uniform resonant excitation in a purely quadrupolar trapping potential, ion cyclotron radius increases linearly with time, and ion kinetic energy increases quadratically with time. Figure 7 shows that an ion in a cubic trap behaves quite similarly, although the rate of increase in cyclotron radius is -30% less [47] than for the same excitation voltage applied to infinitely extended flat electrodes. Ion trajectory in the presence of off-resonance electric field excitation. The trajectory of an ion during off-resonance excitation (namely, at a frequency 5% less than the ion cyclotron frequency) is shown in Figure 8 Figure 8 relative to Figure 7 to make the x-and y-amplitude oscillations easier to sec.) An obvious feature of the new trajectory is the oscillation in cyclotron radius (top two graphs in Figure 8 ). Such off-resonance excitation has previously been analyzed in the absence of trapping potential [71] , and by a rotating-frame treatment for a quadrupolar trapping potential [72] , and offers a particularly attractive method for low-energy collision-induced dissociation ICR experiments [73] .
Ion trajectory in the presence of collisions with/without quadrupolar excitation potential. In an ICR experiment, ions are confined radially due to the strong applied static magnetic field. To trap the ions along the zdirection, a positive potential is applied to each of the opposed pair of trapping electrodes to keep the positively charged ions (negative trapping potential for negatively charged ions) from escaping. Thus, at the center of the trap, the trapping potential is at a minimum along the z-direction; however, it is at a maximum in the perpendicular direction (i.e., in the xy plane). As a consequence, as shown in Figure 9 (left), ions are confined along an equipotential line if there is no energy loss mechanism; however, if an energy loss 0.00 0 to move ions through a narrow conductance limit [77] ; (6) reduced z-ejection from excitation at 2(Vz and w+± 2 w z , etc. These features may now be examined by use of the present trajectory simulations, as will be described in detail in a subsequent article.
Z·Osclllalion Cyclotron Mallon mechanism such as frictional damping (as a model for ion-neutral collisions [51, 64] ) is present, then the radius of ion cyclotron motion and the amplitude of z-oscillation decrease exponentially, whereas the magnetron radius increases exponentially at a slower rate. Thus, ion cyclotron and trapping motions rapidly damp to low amplitude, whereas the magnetron radius eventually increases until ions collide with the excitation or receiver electrodes and disappear, as shown in Figure  9 (middle). Several ion cooling techniques [74, 75] have been proposed to eliminate the above ion loss mechanism. A quadrupolar excitation potential at frequency, (Ve' converts magnetron motion to cyclotron motion [37, 76] . Because the cyclotron radius decreases faster than the magnetron radius increases as a result of ion-neutral collisions, the net effect is that ions all eventually relax to the center of the trap (Figure 9 , right). The quadrupolar excitation/collisional cooling technique offers the following advantages: (1) improved ICR peak shape and detection sensitivity (factor of 100 in some cases) [77] ; (2) improved mass resolving power (up to factor of 500) [77] ; (3) improved ion remeasurement efficiency (up to 99%) for additional increase in signalto-noise ratio and/or multiple experiments with a single trapped-ion packet [78] ; (4) extended trapping period to allow for thousands of ion-neutral collisions to release excess ion internal electronic or vibrational excitation energy [74] ; (5) improved transfer efficiency Figure 6 . Note the linear increase in ion radial displacement and the quadratic increase in ion xy-kinetic energy during excitation, as well as the sinusoidal z-oscillation (trapping motion) independent of excitation. J Am SocMass Spectrom 1994,5,238-249 Frequency (Hz) Figure 10 , Frequency-domain FTjICR spectra for ions of m jz 5000 at 3,0 tesla, obtained by discrete Fourier transformation of the voltage signal derived from the induced differential current between two opposed detector electrodes of a cubic ICR ion trap (as in Figure 4 ), for an ion with initial position (0" 0, 0.25a) excited to an average cyclotron radius of 0.112a (top) or 0.254a (bottom), in the limit that the detection circuit is predominantly resistive (left) or predominantly capacitive (right). Ion initial z-velocity (directed toward the center of the trap) corresponded to a kinetic energy of 0.0385 eV. The ion trajectory was evaluated at time increments of 2.5 X 10-7 s during both excitation and detection events. The dwell time G.e" interval between two consecutive sampled time-domain data points) is 1.0 X 10-5 s. After excitation, ion cyclotron orbital radius is O.12a (top) and 0.25a (bottom); ion kinetic energy is 4.74 eV (top) and 17.8 eV (bottom). There is a 29 Hz (downward) shift in ion cyclotron frequency and a pronounced increase in signal magnitude at harmonic and sideband frequencies as ions are excited to larger cyclotron radius (see text).
FTI feR spectra. Figure 10 shows frequency-domain FI/ICR spectra obtained by discrete Fourier transformation of the voltage signal derived from the induced differential current between two opposed' detector electrodes of a cubic ICR ion trap (as in Figure 4 ), for an ion with initial position (0, 0, 0.25a) excited to an average cyclotron radius of 0.112« (top) or 0.254a(bottom), in the limit that the detection circuit is predominantly resistive (left) or predominantly capacitive (right). The signal component at the fundamental ICR frequency, w+, clearly increases with increasing ICR radius, as seen in Figure 10 and quantitated in Table 2 . Moreover, Figure 10 clearly reveals the presence of minor signal components at sideband (w+± 2w z ) and odd-harmonic (3w+, 5w+, 7w+, etc.) frequencies. The radius-dependent magnitudes of the harmonic signals in fact furnish a means to measure ICR orbital radius directly in a cubic (or other shape) ICR ion trap [65, 79] .
Conclusions
Here we present a simulation program that is capable of accurate calculation of the trajectory of an individual ion (in an empty ICR ion trap for any of several operating modes) and the corresponding frequencydomain spectrum of the voltage obtained from the time-derivative of the differential charge induced by that ion. This program provides a powerful tool for description and explanation (based on systematic variation of operating parameters) of various ion motions in an actual cubic ICR ion trap. For example, the single-ion response to any of various excitation modes recently analyzed in the limit of quadrupolar trapping potential and spatially uniform RF electric field [23] may now be accurately extended to the trapping and excitation electric potentials of an actual cubic trap. In particular, it should be possible to quantitate the "zejection" phenomenon [23, 55, 56, [58] [59] [60] , as will be reported in future work. Finally, extension of this program to incorporate the effect of space charge and collisions on the ion spatial distribution and detected ICR signal is underway. A listing of our program is available on request. 
